The neutron-rich, even-even 122,124,126 Pd isotopes has been studied via in-beam γ-ray spectroscopy at the RIKEN Radioactive Isotope Beam Factory. Excited states at 499(9), 590(11), and 686(17) keV were found in the three isotopes, which we assign to the respective 2 PACS numbers: 23.20. Lv, 27.60.+j, 26.30.Hj The existence of a shell structure is one of the most fundamental features of atomic nucleus. Nuclei possessing the magic numbers, corresponding to the complete filling of shells, are relatively stable. Originally, the same set of magic numbers was thought to span over the entire nuclear chart and a variation of protons and neutrons along isotonic and isotopic chains would not effect the magic nature of these nuclei. Studies over the last two decades have, however, revealed that some numbers lose their magicity in certain neutron-rich regions, while new magic numbers could arise. For example, the nuclei around 32 Mg are found by mass anomaly [1], the low first 2 + energy [2] , and large γ decay probability [3] in 32 Mg to exhibit a large collectivity despite the fact they are located near the N = 20 shell closure. Similar losses of magicity were found around N = 8 [4] [5] [6] and N = 28 [7] [8] [9] .
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Recently the robustness of the N = 82 shell closure attracts much attention, since it is also related to the nucleosynthesis in the rapid neutron capture process (rprocess) [10] . While 132 Sn (Z = 50, N = 82) is known to exhibit typical characteristics of a doubly magic nucleus, such as a high-lying first excited state [11] and a sudden drop in neutron separation energy for the neighboring isotope [12] , the structures of more proton-deficient nuclei are poorly known. Some spectroscopic information in the very neutron-rich region has been extracted only for the Pd (Z = 46) and Cd (Z = 48) isotopes [13] [14] [15] [16] .
On the other hand, the nature of the N = 82 magicity is intensively discussed based on various theoretical approaches [17, 18] . Shell-model calculations including the tensor interaction suggest that a large N = 82 shell gap is preserved [17] . In contrast, Hartree-Fock-Bogoliubov (HFB) calculations with the Skyrme force point towards a reduced gap due to a diffused potential caused by the large excess of neutrons [18] . For the r-process, some mass models, such as those using HFB with Skyrme force SkP and ETFSI-Q calculations, assuming an N = 82 shell quenching, are in better agreement with the abundance distribution around A ≈ 130 [19, 20] .
The most neutron-rich nucleus of the N = 82 isotones studied experimentally so far is 130 Cd [13, 14] . However, the conclusions of the previous reports contradict each other. The Q β value was better reproduced by mass models assuming shell gap quenching [13] . On the other hand, the first 2 + state (2 + 1 ) was found at an excitation energy of 1.325 MeV, which is comparable to even-even N = 82 isotones with Z larger than 50 [21] and therefore does not lead to a drastic modification to the shell closure. The present study is aimed at adding more information on the nuclear structure in the vicinity of N = 82 by extending the measurement of the energy of the first 2 + state (E x (2 238 U primary beam impinged on a 0.5 mm thick natural tungsten target located at the object point (F0) of the BigRIPS separator [22, 23] . The average primary beam intensity was 1.8 particle nA. The momentum acceptance of BigRIPS was set to be 5%. A cocktail beam composed of nuclei around 133 Sn was analyzed and purified by the first stage of BigRIPS between the F0 and F3 foci using the magnetic rigidity (Bρ) selection in combination with an achromatic wedge-shaped energy degrader of 0.80 g/cm 2 thick aluminum located at the F1 dispersive focus. The secondary beams were further purified by the second stage of BigRIPS between the F3 and F7 foci. A second Bρ filter was employed by inserting a 0.40 g/cm 2 wedge-shaped aluminum degrader at the F5 dispersive focus. Ions passing through BigRIPS were identified event-by-event by measuring their Bρ, energy loss (∆E), and time-of-flight (TOF). The Bρ value was obtained by trajectory reconstruction using the positions and angles measured at F3 and F5 by Parallel Plate Avalanche Counters (PPACs) [24] . The ∆E value was measured by an ionization chamber located at the F7 achromatic focus. The TOF was obtained from the time signal difference between two plastic scintillators located at F3 and F7, respectively. The atomic number Z and massto-charge ratio A/Q were obtained from ∆E-TOF and Bρ-TOF correlations, respectively. Resolutions of 0.47 (FWHM) in Z and 3.3×10 −3 (FWHM) in A/Q were obtained. They were sufficient to clearly separate different isotopes. The total intensity of the secondary cocktail beams was 3×10 4 particles per second, 132,133 Sn being the main composition.
To induce secondary reactions, the cocktail beams were incident on a 1.11 g/cm 2 thick 9 Be secondary target placed at the F8 focus. The average energy of the Sn isotopes at the center of the reaction target was around 230 MeV/nucleon. Reaction residues were delivered to the ZeroDegree spectrometer [23] for particle identification. Bρ values were set to maximize the transportation of 125 Pd with a full momentum acceptance (8%). Various secondary reaction products were transported through ZeroDegree. For Pd isotopes, the mass number of the transported ions ranges from A = 119 to A = 127. After penetrating the reaction target, 90% of the residues were in the fully stripped charge state.
The ZeroDegree particle identification was achieved in a similar way to the one for the secondary beam, by measuring Bρ, ∆E, and TOF event-by-event. To identify the charge states of the reaction residues, the total kinetic energy (E) was measured in addition. PPACs were located at the F8 and F11 achromatic and the F9 and F10 dispersive foci, respectively, while a second ionization chamber was placed at F11. TOF was obtained from F8 to F11 by two plastic scintillators. The reac-FIG. 1. DALI2 γ-ray energy spectra after correction for the Doppler-shift. The spectra in the different panels were obtained by applying coincidence gates with a) 120 Pd, b) 122 Pd, c)
124 Pd, and d) 126 Pd reaction residues detected in the ZeroDegree spectrometer.
tion residue was stopped at F11 by a LaBr 3 (Ce) scintillator to provide the E value. Particle identification was obtained from ∆E-TOF, Bρ-TOF, and E-TOF correlations, respectively. Resolutions in Z, A/Q, and A were 0.47 (FWHM), 5.6×10 −3 (FWHM), and 1.63 (FWHM), respectively.
De-excitation γ-rays emitted from the secondary reactions were measured by the DALI2 spectrometer [25] . It consisted of 186 large-volume NaI (Tl) scintillation detectors surrounding the reaction target at polar angles from 14 to 148 degrees with respect to the beam direction. γ-ray energies measured in the laboratory system were Doppler-shift corrected based on the individual DALI2 detector angles. The target chamber was covered by a 1 mm thick Pb shield to absorb low energy photons originating from atomic processes (mainly bremsstrahlung). Energy resolution and efficiencies were estimated from Monte Carlo simulations using the GEANT4 framework [26] . For a 1 MeV γ-ray emitted at a velocity of v ≈ 0.6c, they were 10% (FWHM) and 20%, respectively.
The Doppler-shift corrected energy spectra γ-rays emitted promptly with 120,122,124,126 Pd isotopes are shown in Fig. 1 . In order to enhance the peak-to-background ratio, the γ-ray multiplicity detected in DALI2 was restricted to be lower than five for 120 Pd to 124 Pd, but no multiplicity restriction was applied to the 126 Pd data due to their lower statistics. For 120 Pd, two transitions were observed at 424(9) keV and 603 (14) keV, respectively, which correspond to the known 2 [16] . The indicated errors for the peak energies include statistical and systematic uncertainties. The latter originates from ambiguities in the energy calibration (2.5 keV), the shape of the background (3 keV), and γ-ray emission position as well as the velocity of the emitter caused by the unknown halflives of the excited states. The lifetime effect results in ambiguity in γ-ray emission angles and velocities used in the Doppler-shift correction (about 1% of the γ-ray energy) [27] .
For 122 Pd, two new γ-ray transitions were observed at 499(9) keV and at 665(18) keV, respectively. As the lower energy transition has a higher intensity and it is close in excitation energy to the known 2 Fig. 2 b) , exhibit also a parabolic pattern similar to the one for E x (2 + 1 ), resulting in large R 4/2 ratios in the middle of the shell. At N = 50, the R 4/2 ratio is well below the vibrational limit (2.0), indicating the closed shell nature of 96 Pd. The ratio increases as the neutron number and reaches about 2.5 in the middle of the shell, showing increased collectivity. For Pd isotopes heavier than A = 116, R 4/2 ratio decreases. The present result, 2.33 (8) 
in
122 Pd, follows this trend in the R 4/2 systematics. These observations indicate that our new data follow the systematical trends pointing to diminishing collectivity towards N = 82.
In Fig. 2 , data for the Z = 54 (Xe) isotopes are plotted as well for comparison. They are of four-proton particles instead of four-proton holes in Pd with respective to the Z = 50 magic proton-core. In the N p N n scheme [30] , the four-proton-hole configuration and fourproton-particle configuration lead to the same signatures for nuclear structure, such as E x (2 + 1 ), E x (4 + 1 ), and R 4/2 . The systematics seen in Fig. 2 exhibit fair agreement between the Xe and Pd isotopes suggesting good particlehole symmetry for protons and hence similar behaviors in the neutron-number dependence for both the isotopes. [28] , and the other, IBM b , with a Hamiltonian derived from the Skyrme force meanfield [29] . Both calculations, shown in Fig. 2 , well reproduce the overall experimental systematics. Since the choice of the model space in these calculations corresponds to a good N = 82 shell closure, the agreement supports the argument above, no strong shell quenching.
Slight hindrance of E x (2 + 1 ) in Pd isotopes from N = 76 to N = 80, as compared with the ones in Xe and the IBM-2 predictions, raises a question whether it points to a lower E x (2 + 1 ) at N = 82 and hence certain weakening of the shell closure or to a high E x (2 
